The nanoindentation behaviour and phase transformation of annealed single-crystal silicon wafers were examined. The silicon specimens were annealed at temperatures of 250, 350 and 450°C, respectively, for 15 min and were then indented to maximum loads of 30, 50 and 70 mN. The phase changes induced in the indented specimens were observed using transmission electron microscopy (TEM) and micro-Raman scattering spectroscopy (RSS). For all annealing temperatures, an elbow feature was observed in the unloading curve following indentation to a maximum load of 30 mN. Under higher loads of 50 mN and 70 mN, respectively, the elbow feature was replaced by a pop-out event. The elbow feature reveals a complete amorphous phase transformation within the indented zone, whereas the pop-out event indicates the formation of crystalline Si XII and Si III phases. The formation of these phases increased with an increasing annealing temperature and indentation load. Moreover, the hardness and Young's modulus both decreased as the annealing temperature and indentation load increased. For the specimens annealed at 450°C and then indented to maximum loads of 50 mN and 70 mN, respectively, micro-cracks initiated at the bottom of the phase transformation region and extended into the silicon substrate. In other words, under high annealing temperatures and indentation loads, the critical load required for micro-fracture initiation was exceeded.
Introduction
Silicon is not only a dominant substrate material for the fabrication of microelectronic and mechanical components, but also an important infrared optical material due to the high selectivity of its dielectric characteristics. 1, 2) As a result, the mechanical properties of silicon are of significant interest; most particularly the phase transformations which occur under high pressure loading and on subsequent pressure release. The mechanical properties of bulk silicon are generally evaluated by means of nanoindentation tests, in which the specimens are first loaded to a maximum force or depth, and are then unloaded. The hardness and Young's properties of the indented specimens are obtained from the resulting load-depth curves using either the Oliver-Pharr method 3, 4) or the work-of-indentation method. 5, 6) Many studies have shown that a discontinuity ("pop-in") event commonly occurs in the loading curve, while another discontinuity ("elbow" or "pop-out") event often occurs in the unloading curve. 7, 8) These discontinuities have been widely attributed to phase changes and associated volume and density changes under the indenter.
Many studies have shown that silicon undergoes phase transformation under indentation.
911) At atmospheric pressure, silicon has a cubic diamond structure (Si-I). However, at hydrostatic pressures of 11.2³12 GPa, this diamond structure transforms to a metallic ¢-tin structure (Si-II). 7) Moreover, during pressure release, the Si-II transforms into various metastable phases depending on the load release conditions. For example, during rapid unloading, the Si-II phase transforms into amorphous silicon (a-Si). Molecular dynamics simulations have shown that a transformation from ¢-tin phase to amorphous Si phase may occur even if the indenter radius is only a few nanometers. 12) During slow unloading, the Si-II phase transforms initially to a rhombohedral structure, r8 (Si-XII). 13) However, on further unloading, a reversible transition from Si-XII phase to body-centred-cubic Si-III phase occurs; resulting in a mixture of Si-XII and Si-III phases at ambient pressure. 13) Recent studies have shown that temperature plays an important role in determining the mechanical properties and phase transformation of silicon and thin-film systems.
1416)
The literature contains many investigations into the mechanical properties and phase transformation of silicon during nanoindentation. 11, 1719) However, the effects of the annealing temperature on the plastic deformation and phase evolution of nanoindented silicon are still not fully clear. Accordingly, the present study performs an experimental investigation into the nanoindentation behaviour and phase transformation of single-crystal silicon wafers annealed at temperatures of 250, 350 and 450°C, respectively, and then indented to maximum loads of 30, 50 and 70 mN.
Theoretical Background of Nanoindentation Tests
In nanoindentation tests, the plastic deformation which occurs during loading and unloading results in a change in the elastic modulus, E, and hardness, H, of the indented specimen. The change in the mechanical properties of the sample can be determined from an inspection of the loaddisplacement curves obtained during the loading and unloading stages, respectively. In the Oliver and Pharr method, 3) the elastic modulus is obtained as follows:
where S is the contact stiffness (i.e., the slope of the loaddisplacement curve at the beginning of the unloading phase); A c is the projected contact area; and E r is the reduced modulus. Note that E r accounts for the elastic deformation of the indenter, and is defined as
where E and¯are the elastic modulus and Poisson's ratio of the sample material, respectively, and E i and¯i are the equivalent properties of the indenter. The indentation hardness of the sample can be obtained by dividing the maximum normal indentation load (P max ) by the projected contact area (A c ), i.e.,
where A c is determined from the area function, A c (h c ), which expresses the cross-sectional area of the indenter in terms of the contact depth. The actual depth of contact (h c ) is determined as
where h max is the maximum penetration depth of the indenter, ¾ is a geometrical constant associated with the indenter shape (e.g., ¾ = 0.75 for a Berkovich indenter), and S is the contact stiffness.
Having computed h c , the projected contact area (A c ) can be determined from the following fitting equation:
where C 1 through C 8 are constants. Note that the first term on the right-hand side of the equation describes a perfect Berkovich indenter, while the remaining terms describe the deviations of the indenter geometry from the ideal Berkovich geometry due to tip blunting.
Experimental Details
The nanoindentation tests were performed using device grade p-type single-crystal silicon wafers with a (100) orientation and a thickness of 0.725 mm. The wafers were supplied by National Nano Device Laboratories, Taiwan with a chemo-mechanical polished finish. Prior to the indentation tests, the specimens were annealed at temperatures of 250, 350 and 450°C for 15 min in an induction furnace. For all of the specimens, the annealing process was performed with a heating rate of 0.2°C s ¹1 and a cooling rate of approximately 0.1°C s ¹1 . In order to more readily identify the indentation positions following the tests, a permanent position array system was patterned on the specimen surface using a lithography etching process (see Fig. 1(a) ).
The nanoindentation tests were performed at room temperature in air using an MTS nano Indenter XP system fitted with a Berkovich diamond pyramid tip with a radius of 20 nm. The annealed specimens were indented to three different maximum loads, i.e., 30 mN, 50 mN and 70 mN, respectively. The loading-unloading cycle involved three steps, namely (1) loading to the designated maximum load at a constant rate of 0.2 mN/s; (2) holding at this load for 1 s; and (3) smoothly unloading over a period of 10 s. Five separate indentation tests were performed for each experimental condition. The hardness and Young's modulus of the samples were then calculated from the load-displacement curves using the Oliver and Pharr method described in Section 2.
Following the indentation tests, thin foil specimens for TEM inspection were prepared using an FEI Nova 200 focused ion beam (FIB) milling system with a Ga + ion beam and an operating voltage of 30 keV. As shown in Fig. 1(b) , the specimens were extracted in such a way as to contain the centre of the indented zone. The cross-sectional microstructures of the various specimens were observed using a Philips Tecnai F30 Field Emission Gun Transmission Microscope with a scanning voltage of 300 keV. In addition, the nature of the amorphous and crystalline phases formed within the indented zones of the different specimens was identified using micro-Raman scattering spectroscopy (RSS) with an average laser spot size of approximately 1 µm.
Results and Discussion

Loading-unloading curves and hardness and
Young's modulus properties Figure 2 (a) shows the load-displacement curves of the Si specimens annealed at a temperature of 250°C and then indented to maximum loads of 30, 50 and 70 mN, respectively. Comparing the three curves, it is evident that all of the loading curves have a smooth, continuous profile with no discontinuities (i.e., pop-in events). However, notable differences are observed in the three unloading curves. For example, in the specimen indented to a maximum load of 30 mN, the unloading curve exhibits an elbow feature (i.e., a gradual change in slope), which indicates a transformation from a diamond cubic structure (Si-I) to an amorphous structure. By contrast, for the specimens indented to maximum indentation loads of 50 mN and 70 mN, respectively, a well-defined pop-out event is observed. The pop-out feature suggests the occurrence of phase transformation from a diamond cubic structure, i.e., Si-I phase, to a mixture of Si-XII/Si-III crystalline phases.
Figures 2(b) and 2(c) show the load-displacement curves of the Si specimens annealed at temperatures of 350°C and 450°C, respectively. It is seen that the characteristics of the loading and unloading curves are similar to those of the specimens annealed at a lower temperature of 250°C, i.e., an elbow feature in the specimen indented to a maximum load of 30 mN, and a pop-out feature in the specimens indented to maximum loads of 50 mN and 70 mN, respectively. Comparing Figs. 2(a)³2(c), it is seen that for the specimens indented under a maximum load of 70 mN, the pop-out load increases with an increasing annealing temperature. However, for the specimens indented to maximum loads of 30 mN and 50 mN, respectively, the pop-out load is independent of the annealing temperature.
As described above, the hardness and Young's modulus values of the annealed specimens were calculated using the Oliver-Pharr method. Table 1 presents the corresponding results. It is seen that for a given annealing temperature, the hardness and Young's modulus both reduce as the maximum indentation load is increased due to the indentation size effect. Furthermore, for a constant indentation load, the hardness and Young's modulus decrease with an increasing annealing temperature.
Raman scattering spectroscopy analysis
Figures 3(a)³3(c) show the micro-Raman analysis results for the specimens annealed at temperatures of 250, 350 and 450°C, respectively, and then indented to maximum loads of 30 mN, 50 mN and 70 mN. Figure 3(a) shows that for the specimen annealed at 250°C and indented to 30 mN, the spectrum contains a strong, sharp peak at 521 cm ¹1 and a broad peak centred at around 150 cm
¹1
. According to the findings in Ref. 18), the sharp peak corresponds to pristine Si-I phase, while the broad peak corresponds to a-Si (i.e., amorphous phase). For the specimen annealed at the same temperature of 250°C but indented to a higher load of 50 mN, the Raman spectrum not only contains the narrow peak at 521 cm ¹1 and the broad peak at around 150 cm ¹1 , but also two additional narrow peaks at 350 cm ¹1 and 447 cm ¹1 , respectively. The narrow peak at 350 cm ¹1 indicates the presence of Si-XII phase, while that at 447 cm ¹1 indicates the presence of Si-III phase. 20) Under an increased indentation load of 70 mN, the phase peaks associated with a-Si, Si-XII, Si-III and Si-I still remain. However, the intensity of the crystalline phase peaks (Si-XII and Si-III) is slightly diminished, while that of the amorphous phase peak (a-Si) is slightly increased.
As shown in Figs. 3(b) and 3(c), the evolution of the Raman peaks for the specimens annealed at temperatures of 350°C and 450°C, respectively, is similar to that of the specimens annealed at 250°C. Comparing Figs. 3(a), 3(b) and 3(c), it is seen that the intensity of the peaks associated with the Si-XII and Si-III phases increases with an increasing annealing temperature. However, the intensity of the amorphous (a-Si) peak decreases as the annealing temperature is increased. The volume fraction of the a-Si, Si-XII and Si-III phases can be estimated from the relative intensities of the Raman peaks at 150 cm
, 350 cm ¹1 and 447 cm ¹1 , respectively. Table 2 presents the volume fractions of the three phases as a function of the peak indentation load (P max ) and annealing temperature. For the specimens indented to a maximum load of 30 mN, the deformed microstructure contains only amorphous phase (a-Si), irrespective of the annealing temperature. However, as the annealing temperature and indentation load are increased, the volume fraction of a-Si decreases, while that of Si-XII and Si-III increases. Figure 4 shows the ratio of the combined Si XII and Si III volume fraction to the a-Si volume fraction as a function of the annealing temperature and indentation load. The results confirm that for maximum indentation loads greater than 50 mN, the amount of Si XII and Si III phase relative to a-Si phase increases with an increasing annealing temperature. In addition, it is noted that the relative rate of increase of the SI XII and Si III phase is particularly pronounced in the specimens indented to a maximum load of 70 mN. Figure 5 (a) presents a TEM micrograph of the silicon specimen annealed at a temperature of 250°C and then indented to a maximum load of 30 mN. It is seen that the indented zone has an approximately triangular shape with a maximum depth of 150 nm. Moreover, a residual indent with a depth of around 45 nm is evident on the specimen surface; indicating the occurrence of significant plastic deformation. patterns. The SAED patterns (halo rings) confirm that the deformed microstructure has a fully amorphous state. In other words, the TEM observations confirm the Raman analysis results presented in Fig. 3(a) , which show that the unloading stage of the indentation process prompts a change from Si-I (cubic diamond structure) phase to a-Si phase (amorphous) phase. Figure 5 (d) presents the HRTEM results for the square region labeled C in Fig. 5(a) . The results show that the sample retains a perfect diamond cubic single-crystalline structure without phase transformation in the region beyond the indented zone. Figure 6 (a) presents a TEM micrograph of a specimen annealed at the same temperature (i.e., 250°C), but indented to a larger maximum load of 50 mN. It is seen that the upper region of the indented zone still contains amorphous phase. However, the lower region contains a small quantity of crystalline phase. The presence of the amorphous phase in the upper region of the indented zone is confirmed by the HRTEM image and SAED pattern presented in Fig. 6(b) , corresponding to region A in Fig. 6(a) . Similarly, the HRTEM image shown in Fig. 6(c) , corresponding to region B in Fig. 6(a) , confirms the presence of crystalline phases in the lower region of the indented zone. It is noted that due to the structural similarity between Si XII (rhombohedrally distorted cubic) and Si III (body centred cubic), both phases yield a very similar diffraction pattern. Consequently, the diffraction pattern in Fig. 6(c) can be indexed as either Si XII or Si III, which is consistent with the Raman analysis results shown in Fig. 3(a) . Figure 6 (d) presents a HRTEM image of the boundary region between the indented zone and the bulk silicon wafer, i.e., region C in Fig. 6(a) . The results confirm that the indented zone has an amorphous phase, while the substrate has a perfect diamond cubic single-crystalline structure. Figure 7 (a) presents a TEM image of the sample annealed at 250°C and then indented to a maximum load of 70 mN. It is observed that the indented zone still contains a mixed structure of amorphous phase in the upper region and Si XII or Si III crystalline phase in the lower region. Comparing Figs. 6(a) and 7(a), it is seen that given the same annealing temperature (i.e., 250°C), the amount of amorphous phase decreases with an increasing maximum indentation load, whereas the amount of crystalline Si XII and Si III phase increases. It is noted that this observation is consistent with the volume fraction results presented in Table 2 .
TEM analysis
Figures 8³10 present TEM micrographs of the specimens annealed at 450°C and then indented to maximum loads of 30, 50 and 70 mN, respectively. For the specimen indented to a maximum load of 30 mN, the indented zone contains only amorphous phase. However, for the specimens indented to maximum loads of 50 mN and 70 mN, the indented zone contains both amorphous phase and Si XII or Si III phase. Comparing Fig. 6(a) with Fig. 9(a) , and Fig. 7(a) with Fig. 10(a) , it is found that under the same maximum indentation load, the amount of amorphous phase decreases with an increasing annealing temperature, whereas the amount of crystalline Si XII and Si III phase increases. This finding can be attributed to the fact that phase transformations generally require nucleation and growth. The density and distribution of the nucleation sites is an important controlling factor in determining the transformations of Si XII and Si III phase and is dependent on the annealing temperature. If annealing is performed at higher temperatures, the indentation zone contains a greater number of nucleation sites for the Si XII and Si III phase, and hence the amount of both phases increases during heating. By contrast, at a lower annealing temperature, the probability of nucleation events reduces, and hence the amount of transformed Si XII and Si III phase also reduces. Figures 9(a) and 10(a), corresponding to an annealing temperature of 450°C and maximum indentation loads of 50 mN and 70 mN, respectively, show the existence of a crack emanating from the bottom of the indented zone and extending into the silicon substrate. Thus, it is inferred that 50 mN represents the critical load for microfracture initiation in the present samples.
Conclusions
This study has investigated the mechanical properties and phase evolution of single-crystal silicon wafers annealed at temperatures ranging from 250³450°C and then indented to maximum loads of 30, 50 or 70 mN. It has been shown that the unloading curves of the specimens indented to a maximum load of 30 mN exhibit an elbow feature for all values of the annealing temperature, while those of the specimens indented to a maximum load of 50 mN or 70 mN exhibit a pop-out feature. In addition, an Oliver Pharr analysis of the loading-unloading curves has shown that the hardness and Young's modulus of the indented specimens decrease with an increasing annealing temperature and indentation load. The Raman analysis results and TEM observations have revealed that the elbow feature in the unloading curves corresponds to the formation of a-Si (amorphous phase), while the pop-out feature corresponds to the formation of crystalline Si XII and Si III phases. In addition, it has been shown that as the annealing temperature and indentation load increase, the amount of amorphous phase reduces, whereas the amount of crystalline Si XII or Si III phase increases. Finally, the TEM observations have shown that for an annealing temperature of 450°C and an indentation load of 50 mN or 70 mN, a microcrack initiates in the base of the indented zone and propagates into the underlying silicon substrate.
